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THUNDERSTORM-ENVIRONMENT INTERACTIONS DETERMINED
WITH THREE-DIMENSIONAL TRAJECTORIES®

Gregory Sims Wilson®*

1. STATEMENT OF THE PROBLEM

a. Introduction

The ultimate function performed by the ensemble of atmospheric
circulation systems is that of redistributing atmospheric energy to
produce the observed "macroclimate" of the earth. Fundamental to the
understanding of this process is knowledge about the "scale interaction"
between various-size atmospheric systems. Scale interaction processes
aetermine, to a great extent, the nature and rate at which atmospheric
air parcels undergo energy transformations and establish the exact
means by which the general circulation transports, redistributes, and
transforms enerxgy.

Atmospheric eddy sizes range over the entire hydrodynamic spectrum
from planetary waves down to small-scale turbulent eddies. The scale
interaction process has been observed to transfer energy both up and down
this spectrum. However, the dynamics and feedback mechanisms of scale
interaction remain among the least understood processes in meteorology.

Interaction processes between convective storms (small mesoscale
systems) and micro-, meso-, and synoptic-scale systems have attracted
considerable research interest in recent years because of the estab-~
lished importance of moist convection in the general circulation. Tropi-~
cal thunderstorms, in transporting heat upward into the upper troposphere,
are largely responsible for maintaining the horizontal and vertical dis-
tributions of temperature and pressure that maintain large-scale tropical
circulations. In addition, thunderstorms are important in both the angu-
lar momentum and moisture balances of mid-latitude circulation systems.
Severe convective storms in middle latitudes are also responsible for
creating phenomena such as tornadoes, hailstorms, and flash floods that
destroy property and take lives. Tremendous success has been realized in
parameterizing the scale interaction processes between macro- or synoptic-

scale systems and severe convective systems as evidenced by the remarkably

* A portion of the research on which this report is based was supported
by Contract NAS8-31773 to Texas A&M University.
*%* Universities Space Research Association Visiting Scientist at NASA
Marshall Space Flight Center, Huntsville, Alabama 35812,



good severe weather forecasts that are made from the current synoptic
weather observations.

These parameterized relationships indicate that the macroscale
flow field exerts a strong controlling influence over the intensity as
well as the spatial and temporal distributions of the small mesoscale
convective circulations. However, they do not integrate in a complete
dynamical theory capable of explaining the sequence of events which
result in severe convection nor do they account fully for the feed-
back processes between the convective storms and their environment.

NASA's fourth Atmospheric Variability Experiment (AVE IV) was
conducted from 0000 GMT, 24 April to 1200 GMT, 25 April 1975 pri-
marily to further establish the variability and structure of the
atmosphere in regions of convective storms, and to investigate the
poorly understood interrelationships between these storms and their
environment. AVE IV data provide a unique opportunity to evaluate
these relationships and scale interactions since two severe lines of
thunderstorms (one containing the Neosho tornado) occurred during
the experiment. Special rawinsonde soundings were taken at 3~ or
6-h intervals in AVE IV over the U.S. east of 105°w longitude. All
available surface, radar (from Manually Digitized Radar (MDR) data
(Foster and Reap, 1973)), and satellite data were used in the diag-
nostic analyses.

Specifically, this research presents results aimed at providing
a better understanding of the interrelationships between synoptic~ and
convective-scale systems obtained by following individual air parcels,
embedded within the macroscale flow pattern, as they traveled within
the convective storm enviromment of AVE IV. A three-dimensional tra-
jectory algorithm was used to objectively calculate parcel paths, while
MDR data were used to locate convective activity of various intensities

and to determine the proximity of trajectories to storms.

b. Previous studies
In trying to understand, predict, and modify convective storms, the

Almost nowhere can

scale interaction problem becomes extremely complex.

convective storm formation be considered as either completely random or



completely organized. Over tropical oceans, where surface and
synoptic-scale forcing are presumably weak, major convective clouds
usually occur in "cloud clusters" apparently forced by weak macroscale
disturbances. After cluster organization, the energy released by

buocyancy overwhelms the initial forcing mechanisms and the large-scale
meteorological characteristics of the cluster become products of the total
fluxes of the convective elements (Reed and Recker, 1971).

In certain parts of the world and in some seasons, strong convection
develops within the environment of moderate-to-strong large-scale
disturbances. Under these conditions, the preconvective state includes
a stable layer preventing moist, low-level air from rising into a condi=
tionally unstable upper troposphere (Newton, 1963). When the stable lay-
er is eliminated by large-scale or mesoscale uplift, the bouyant release
occurs suddenly and violently. The large-scale conditions which favor
this release have been known for many years and have been used in making
6-12 h forecasts of severe convection.

Miller (1972) has summarized the empirical relationships between
macroscale conditions and severe convective storm development. They
include: 1) a vertical temperature structure that is conditionally
unstable; 2) large amounts of low level moisture; 3) strong mid- and
upper-tropospheric jets; 4) a dynamical mechanism producing lifting and
releasing convective instability; and 5) many times, dry air at mid-
tropospheric levels. In addition, recent work by Whitney (1977) has
shown the geometric relationships between severe thunderstorm formation
and the positions of the polar and subtropical jet streams. His work
reveals that most severe activity lies ahead of the surface front and
between the two jet streams.

Endlich and Mancuso (1968) examined the relationships between
objectively analyzed synoptic data and severe convective storms. They
were able to identify accurately areas in which severe weather occurred
by establishing those parameters that correlated best in space with
the observed convection. A basic conclusion reached was that boundary
layer fluxes of temperature and moisture appeared to be more directly

related to severe storm occurrence than lapse rates of temperature or



parcel instabilities.

Probability forecasts of convection have been developed recently by
Reap and Alaka (1969), Bonner et al. (1971), Reap and Foster (1975},
and David (1973) using screening regression with forecast parameters
from numerical models. Statistical correlations between observed
convection and forecast parameters have helped in establishing the
relationships between convective~ and synoptic-scale systems, but the
inability of the present models to resolve and forecast subsynoptic-
scale systems has limited the accuracy of forecasts of convection.

Even so, the best forecast parameters determined from the correlations

of parameters with convective activity indicate that the layer of air
between the surface and 3 km (10,000 ft) should be moist and convectively
unstable with positive vertical motion occurring within the layer.

More quantitative relationships have been established by Hudson
(1971), Ogura and Cho (1973), and Fritsch et al. (1976) where cumulus
cloud formation and populations have been parametrically tied to macro-
scale moisture convergence, vertical velocity, and heat and moisture
budgets. Their work reveals that the amount of mass being processed by
the severe convective clouds is several times larger than the synoptic-
scale mass convergence, resulting in additional vertical circulations
such as organized convective lifting and compensating downdrafts. These
circulations suggest that convective transport rates may be strongly
related to the existing potential buoyant enerqgy, rather than to the rate
at which energy is generated by the large-scale disturbance at the time
of convection.

Research also indicates that areas of intense convection produce
feedback effects on surrounding atmospheric volumes that can be detected
using synoptic-scale data. Newton (1969) has shown that heat, moisture,
and momentum, exchanged by convective processes between clouds and
their environment, are often of comparable magnitude to those associated
with the large-scale distribution.

Aubert (1957) indicated that latent heat release, associated with
thunderstorms, produced increases in large-scale horizontal convergence

below the level of maximum condensation and enhanced horizontal diver-



gence above that level, He found decreases in values of geopotential
height in the lower troposphere and increases in the upper troposphere.
Ninomiya (197l1a and b), using satellite pictures, found that the pre-
existing inflow at the cirrus level over tornado-producing thunderstorms
changed into strong outflow as the thunderstorms developed. The
existence of a mid-tropospheric warm core and a significant field of
convergence below 700 mb was observed using synoptic-scale rawinsonde
data, and the downward convective transport of horizontal momentum was
shown to intensify the low-level jet stream. A primary conclusion
reached was that convective systems interact with and modify the large-
scale synoptic field through the release of latent heat. The resulting
warm core observed by the author in the middle and upper troposphere
above the convection area was apparently responsible for intensifying
the horizontal temperature gradient that resulted in strong upper-level
divergence over the convective area. An entire interaction model was
developed to explain the formation and development of the convective
system through the transfer of energy between the synoptic- and
convective-scale systems.

Fuelberg (1977), Read and Scoggins (1977), and Scott and Scoggins
(1977) have shown strong relationships between individual terms in the
large-scale kinetic and potential energy, vorticity, and moisture
budgets and thunderstorm formation. These budget studies consistently
reveal the importance of sub-grid scale processes in residual term
calculations. The large magnitudes of the residuals in convective
aieas indicate that strong interactions occur between the convective-
and synoptic-scale systems as heat, momentum, and water are exchanged.

Finally, a new scale~interaction theory, based upon fundamental
hydrodynamics, has been developed and numerically tested by Zack and
Moore (1977), Paine and Kaplan (1974), and Paine and Kaplan (1977).
This theory describes the cascade and generation of kinetic energy over
the entire spectrum of atmospheric systems frcocm Rossby waves to micro-
scale weather systems. The development of large amplitude meso- and

micro-scale systems is shown to occur when large accelerations exist in



a specific mass and momentum distribution at the macroscale. Numerical
testing of the theory has shown remarkable skill in forecasting
the development of severe convective systems and tornadoes from synoptic-

scale initial conditions.

c. Objectives and Approach

Convective storm evolution depends on development and interaction of
fields of motion, temperature, and humidity on scales ranging in size
from that of mid-latitude cyclones down to the micro-meteorological scale
involving turbulent eddies. The objective of this research was to exa-
mine the fundamental hypothesis that thermodynamic and hydrodynamic
processes, produced by synoptic-scale circulation systems, exert a strong
controlling influence upon the location, intensity, and duration of small
mesoscale convective systems. Furthermore, that interaction processes
between thunderstorms and their large~scale environment may alter the
structure and dynamics of both the synoptic- and convective-scale systems
as heat, mass, and momentum are exchanged between the convective storms
and their immediate environment.

Specifically, this research attempts to provide more information on
the interrelationships and "scale interactions" between synoptic- and
convective-scale systems obtained by following individual air parcels,
embedded and moving within the macroscale flow pattern, as they traveled
within the convective storm environment. In accomplishing this objective,
rawinsonde and surface data taken at 3- and 6~h intervals during AVE IV
were used. These data allowed for the calculation of three-dimensional
trajectories of air parcels traveling over the experiment area using a
trajectory model developed specifically for this study. MDR data were
used to locate convective activity of various intensities and to determine
those trajectories that traversed the near—-storm environment.

Since parcel trajectories represent the time-integrated three-dimen-
sional motions of air parcels, total time derivatives mathematically ex-
press the atmospheric physical processes that occur following the air.
Therefore, interactions between synoptic- and convective-scale systems
were studies by calculating the total time derivatives of thermodynamic,

kinematic, and energy quantities. The increased temporal resolution of



the AVE IV data over the standard synoptic data made these calculations
possible.

Specific objectives of the research are listed below and encompass
the use of the trajectory calculations to:

1) BEstablish the necessary and sufficient conditions for thunder-
storm formation and intensity. This includes the horizontal and
vertical distributions of wind, temperature, moisture, vertical velocity,
stability, and variables associated with the trajectories to deter-
mine the synoptic-scale structure of the atmosphere during convective
storm development.

2) Determine the thermodynamic and hydrodynamic physical processes
that result in changes of atmospheric structure that finally lead to
formation, maintenance, and dissipation of convective activity of
various intensities.

3) After thunderstorm development, determine to what extent these
convective storms interact with and modify the large~scale environment
in changing its thermodynamic and kinematic structure through

"feedback" processes.



2. THEORETICAL DEVELOPMENT

a. Dynamics Qﬁ_macro—scale flow and scale interaction

The net horizontal acceleration acting on an individual air parcel
imbedded in synoptic-scale flow can be analyzed using
=
av

e -f(kxv) - VP¢ + Fo. (x,y,p,t system) (1)

where %%—is the net horizontal acceleration imparted to an air parcel
resulting from the imbalance between the coriolis force —f(kx%) , the
pressure gradient force —$p¢ , and the frictional force Fz. Since the
AVE IV data only allow complete resolution of synoptic-scale systems, all
"subgrid-scale" processes must be considered as perturbation quantities
that transfer momentum, heat, and water vapor to and from the synoptic-
scale. Mathematically, this assumes the synoptic-scale to represent a
mean flow about which perturbation velocities are superimposed. These
perturbations occur as a result of scale interaction between the mean
flow and all those systems whose eddy sizes are considerably below that
of the synoptic-scale eddies (<1000 km) (Paine and Kaplan, 1974).

The first two terms on the right-hand side of (1) represent net hori-
zontal forces per unit mass acting within the synoptic-scale flow while
forces produced by perturbation velocities appear in the last term. From
basic turbulence theory, Fz results from divergence of the covariance

between perturbation velocities and mathematically appears in expanded

component form in the x, y, z system as:

= 13 = 1o _ =0 1o oo

FX = 7 3z (-pu'w') + P (-pu'u') + o 3y (-pu'v'") (2)
=.l.§._._ ot .:L.é.__ 11t .|._];§._ — |

Fy > 92 (-pv'w') + > % (-pv'u') > 3y (~pv'v") (3)

where primed velocities are turbulent perturbation quantities.
The largest of these turbulent eddies may be of the size which could

be missed by the current network of observing points. Moreover, these



eddies may easily be of the order of 10 ¥xm in size and remain completely
undetected with the present dénsity of observing stations over the AVE
area.

There are strong reasons to believe that the atmosphere contains
eddies of the above-mentioned size when the flow field is highly acceler-
ated and disturbed, but disturbances of the size of 10 to 100 km are
usually damped (Godske €t al., 1957). Direct meaSurements_show a gap
in this range of the turbulent kinetic energy spectrum (Lumley and
Panofsky, 1964), but measurements reveal a distinct peak in the
spectrum that corresponds to eddy sizes from 10 to 100 m and a
characteristic velocity of about 1 m s_l (Djuric, 1961). The effect
of these eddies are not overlooked in this study, but turbulent eddies
produced by convective activity are usually an order of magnitude
larger and probably dominate the magnitude of Ez in the convective
storm environment above the boundary layer (Newton, l969L.

Final calculation of the net parcel acceleration (%%) following
the trajectories does not follow directly from a mathematical balance
between computed terms in (1) as is usually done. Instead, the
individual parcel trajectories are computed between each of the 3- and

. . . Aua Av,
6-h interval time periods of the AXE IV data, and Z%i and Z%j are deter-
mined for each trajectory. Then %% = %%i + %%ﬁ and interpretation of

the acceleration must follow from (1) and the above discussion.
This computing technique was used in determining all total derivatives

of thermodynamic, kinematic, and energy quantities.

b. Spatial distribution of trajectory data and net vertical
displacements

Reap (1972} has developed a technique for translating results from
a ﬁrajectory model into an Eulerian framework. Specifically, a quantity
called net vertical displacement (NVD) was developed by Reap which,
when translated into the Eulerian grid, resulted in a spatial distribu-
tion of dp/dt for all air parcels ending their trajectories at all grid
points in the grid array. The rate of pressure change along the parcel's
path is actually calculated from Ap/At where Ap represents the pres-

sure change experienced by the parcel as it moved three-dimensionally
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in space over a time period of 12 h (At). Reap and others have shown
that NVD's correlate better with observed weather and precipitation
than do instantaneous vertical velocities. They have also shown
NVD's to be one of the most important predictors used in forecasting
the probability of precipitation and thunderstorm activity since this
parameter captures the time-dependent lifting and destabilizing pro-

cesses that occur within the synoptic-scale flow prior to thunderstorm

formation.

c. Static stability as measured by parcel energy indices

To accurately parameterize the static stability of the atmosphere
in AVE IV, a method was developed to objectively calculate both the
amount of buoyant energy (ergs g—l)necessary to be added to a parcel
to make it hydrostatically unstable (negative buoyant energy or NBE)
and the amount available to be converted into kinetic energy of the
upward vertical velocity (positive buoyant energy or PBE) or "updraft"
if the parcel were to become unstable. Calculations of NBE and PBE
follow the steps used in a one-dimensional, non-entrainment, cloud
model without liquid water or "form" and "mixing" drag. An air parcel
entering a "cloud" is lifted dry-adiabatically to its LCL and then
moist-adiabatically to 100 mb. When the parcel virtual temperature
(T;) is warmer (colder)} than Tv (the environmental virtual tempera-
ture) at a given pressure level, it will gain (lose) kinetic energy

according to (Haltiner and Martin, 1957):
w?
— == - L -
d(2) Rd(TV TV) d(ln p), (4)

Integrating (4) between two pressure levels gives

Wi T v :
A(KEW) = — = -Rdj (Tv - TV) d(1ln p) (5)
or
= T - T P
A(KEW) = Rd(Tv Tv)ln -~
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where bars are average temperatures for the layer and A(KEW) is the parcel
vertical kinetic energy change between levels Pl and pz. A(KEW) is then
determined for successive pressure layers of each sounding using (5) and
NBE is calculated by summing all negative A(KEW) values up to 500 mb over
each sounding. PBE results from summing all positive values up to 100 mb.
Smaller NBE should correlate with the increasing occurrence of thunder-
storms while larger PBE should relate to the increasing intensity of con-
vective activity since it is roughly proportional to the vertical kinetic

energy of the maximum "updraft" velocity when NBE is small.

d. Parcel diabatic processes

Over short periocds of time, air parcels will usually move isen-
ds

tropically so that Frathe 0. However, deviations from isentropic flow
are the rule rather than the exception when condensation, evaporation,
and radiation affect air parcels. Indeed, an essential job of the
atmosphere is to transfer latent energy, stored in liquid water in
the earth's oceans and lakes, into the atmosphere (through evapora-
tion and horizontal and vertical transport), where it is finally
realized as sensible heat during condensation. Thunderstorms are
known to play an integral part in this process. In addition, the
release of latent heat energy into the air alters the existing
pressure and wind fields (Ninomiya, 1971la, 1971b) and affects the
general circulation.

When diabatic effects and turbulent transfer of heat between

synoptic- and subgrid-scale systems occur,

d(lng) _
p-——EE—— = HD + AE (6)

where HD is the diabatic heating rate (per unit mass) within the mean
or synoptic flow (condensation, evaporation, radiation, etc.), and AE
is the divergence of the turbulent eddy flux of heat. AE is probably
a large term in the heat balance equation in areas where convection

interacts with the synoptic flow and can be written as (Ninomiya, 1971la)

A = c [a(u'T') + a(v'T') + o(w'T")

e~ % T oax 3y 5 - 73



12

Primed quantities represent turbulent perturbations of velocity and
potential temperature superimposed on a synoptic-scale flow defined

by the AVE IV rawinsonde data.

e. Parcel accelerations

As discussed earligr, the total horizontal parcel acceleration

vector per unit mass, can be calculated a;png a trajectory and

av
dat’

results transformed into a gridded output. € then represents the net

horizontal force acting on the parcel as a rZSult of an imbalance be-
tween the coriolis force, the pressure gradient force, and the
turbulent eddy frictional force., These forces are mainly responsible
for creating and altering atmospheric circulation systems.

The magnitude alone of the net force is not an eagy quantity
to use in determining changes in flow patterns since g%'ls a vector
quantity. Instead, changes in atmospheric flow patterns are usually
studied by examining the changes in fields of vorticity or divergence
in the fluid, both representable as scalar quantities. Changes in
an air parcel's vorticity or divergence occur only when a net force
acts on the parcel (%% # 0).

Equation 8 describes the rate of change of the vertical component
of absolute vorticity (Za) following an air parcel, and results from

taking the horizontal curl of the acceleration vectgr and dotting this

quantity with the vertical unit vector [k . (% X ——0]

-5
> v, . - >
—2 = (¢ + f)ﬁé.v - E.(%ﬁw x 550 + k-(_V)p x F). (8)

This familiar vorticity equation, when applied at the syaoptic scale,
relates g%g-of the mean flow with the first term on the right-hand side
which explains the production of vorticity through divergence, the
second term on the right-hand side which represents the transfer of
vorticity from other component axes into the vertical component, and
the last term which explains the production of vorticity from the curl
of the turbulent eddy frictional force. The second term on the right-~
hand side, usually called the twisting term, is normally an order of

magnitude smaller than the following term, while the last term can,
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in the vicinity of convective activity, be as large as the divergence

: 4
term (Read and Scoggins, 1977). However, —EQ should be positive

dat
(convergence) in the lower atmosphere and negative above (divergence)
in the convective storm environment. As a result, upward vertical
velocity is created from this pattern that can release potential in-

stability and produce thunderstorms.
The turbulent eddy frictional force (F) in the convective storm en-

vironment may be dominated by horizontal momentum exchange between thunder-
storms and the environment. This is physically reasonable since low mo-
mentum surface air rises into convective clouds that are growing and mix-
ing in an atmosphere with vertical shear, while high momentum air aloft
enters precipitation downdrafts that plunge into the boundary layer. This
complicated process alters the synoptic-scale flow since a net momentum
transfer to or from the convective systems has occurred that changes the
net horizontal acceleration at the macroscale through the turbulent eddy
frictional force and affects the synoptic circulation pattern in the

storm environment.

£. Parcel kinetic energy changes

When forces act upon air parcels, work is performed and energy
transformations occur. Of particular interest in the atmosphere is
the development of kinetic energy contained within the wvarious size
circulation systems.

From a Langrangian point of view, horizontal kinetic energy changes
occur when the net horizontal vector force per unit mass acting upon
the air parcel has a component along the velocity vector. Interpretation

of the results may be obtained from (Haltiner and Martin, 1957):

4d(KE) > > > >
—— T = \] ® —+ .
3t VVde V*F 9)
where KE is horizontal kinetic energy. Therefore, parcels change their
horizontal kinetic energy during cross—contour flow and from kinetic
energy imparted to or removed from the synoptic flow (last term in (9))

through "scale interaction." Under conditions that the momentum

transfer between convective~ and synoptic-scale systems alter the
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large—-scale acceleration vector field with respect to the direction of
flow (through the last term on the right-hand side), horizontal kinetic
energy at the synoptic scale is created or destroyed through this cloud-

environment feedback process.



3. DATA ANALYSIS AND TRAJECTORY CALCULATIONS

a. AVE Ez_data

1l) Rawinsonde data

The forty-two rawinsonde stations participating in the AVE IV
experiment are shown in Fig. l. Soundings were taken at nine times--
24 April at 0000 GMT, 0600 GMT, 1200 GMT, 1500 GMT, 1800 GMT, 2100 GMT,
and on 25 April at 0000 GMT, 0600 GMT, and 1200 GMT, 1975.

Fig. 1. Rawinsonde stations participating in the AVE IV experiment.

Data reduction procedures used to process the AVE IV rawinsonde
data were designed to obtain the most accurate results possible
(Fuelberg, 1974). The raw angle and ordinate data were checked for
errors prior to calculating the soundings, and computed soundings
were rechecked with corrections made as required. Data were given
at 25-mb intervals by Fucik and Turner {(1975). Estimates of RMS errors

of the thermodynamic quantities are given in Table 1 (Scoggins and

15
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Smith, 1973; Fuelberg, 1974). Recent studies have indicated that
errors in the thermodynamic quantities may be even smaller than those

given in Table 1 (Lenhard, 1973; Brousaides, 1975).

Table 1. RMS errors of thermodynamic quantities for the AVE IV data.

Parameter Approximate RMS error
Temperature 1°C
Pressure 1.3 mb surface to 400 mb
1.1 mb between 400 and 100 mb
0.7 mb between 100 and 10 mb
Humidity 10%
Pressure Altitude 10 gpm at 500 mb

20 gpm at 300 mb
50 gpm at 50 mb

An error analysis conducted by Fuelberg (1974) gave RMS errors
of scalar wind speed and wind direction for the AVE IV baroswitch
contact data. Tabie 2 presents these RMS errors for elevation angles
of 40° and 20°. RMS errors for the smoothed 25-mb data that were

used in this study would be somewhat smaller.

Table 2. RMS errors of baroswitch contact wind data for the AVE IV
data at elevation angles of 40° and 20°.

Elevation Angle Elevation Angle

Level 40° 20° 40° 20°
RMS Direction Error RMS Speed Error
° ° -1 -1
700 mb 1,8 3.8 0.5 ms 1.0ms
500 mb 2.5° 5.6° 0.8ms T 20ms"
300 mb 3.1° 7.5° 1.0mst 3.8mst

100 mb 6.2° 15.0° 2.00ms Yt 5.7mst
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Original strip charts from all rawinsonde soundings were checked
carefully to determine if sondes entered thunderstorm updrafts or
downdrafts. Data for four soundings were removed from the original
data set because the sondes apparently had entered violent updrafts.
The potential for distorted results due to nonhydrostatic accelera-
tions was thereby considerably reduced.

2) Surface data
All available surface data for the AVE IV experiment were ob-

tained from the National Climatic Center. Figure 2 shows locations
of the 310 surface stations used. Vector wind, temperature, dew
point temperature, and surface pressure were read; keypunched, and

checked carefully for errors.

T R it

Fig. 2. locations of surface stations for the AVE IV area.

3) Digital radar data
Manually Digitized Radar (MDR) data were obtained from NOAA's

Techniques Development Laboratory to determine accurately the intensity
and position of the radar-observed convection during the AVE IV

experiment. The MDR grid network is shown in Fig, 3. MDR data are



Senieteses
“““‘« “‘@‘ s
i
e St AGregantist o)
“."*,‘»“ “:%t;“g\,“‘ °
A\ 7\ Y )‘ 3
Sattuss)

81



coded with a single digit from 0 to 9 to indicate areal coverage
and echo intensity within blocks that are approximately 83 km on a
side. Table 3 is an explanation of the MDR code given by Foster
and Reap (1973).

Table 3. Manually digitized radar (MDR) data code (Foster and
Reap, 1973).

Maximum Coverage Maximum Intensity
Code No. Observed In Box Rainfall_ Category
virl values Rate (in h ")

0 No Echoes
1 1 Any VIPl <0.1 Weak
2 2 < 50% of VIP2 0.1-0.5 Moderate
3 2 > 50% of VIP2 0.5-1.0 Moderate
4 3 < 50% of VIP3 1.0-2.0 Strong
5 3 > 50% of VIP3 1.0-2.0 Strong
6 4 < 50% of VIP3 1.0-2.0 Very Strong
and 4
7 4 > 50% of VIP3 1.0-2.0 Very Strong
and 4
8 5 or © < 50% of VIP3, >2.0 Intense or
4, 5, and 6 Extreme
9 5 or 6 > 50% of VIP3, >2.0 Intense or
4, 5, and 6 Extreme

1.
Video Integrator Processor

Plots of the MDR data were made each hour for 3-h periods centered
on each of the nine rawinsonde observation times. The three plots
were then combined into a single chart for each of the nine times by

using the highest coded value reported for each block.

b. Analytical procedures

Analytical procedures can determine the success or failure of an

experiment and, therefore, must be considered carefully. This section

19
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describes the procedures that were judged most advantageous for this
study in relation to the available data, the trajectory model, and the
objectives of the research.

1) Objective analysis and smoothing

The development and use of a trajectory model is simplified if
data are interpolated from randomly-spaced rawinsonde stations to
equally-spaced grid points. The grid network used (Fig. 4) is
centered over the AVE 1V data area and has a spacing of 158 km. Barr
et al. (1971) have shown theoretically that a 169-km grid interval
incorporates as much detail as is justified from the rawinsonde net-

work over the United States.

t A+t et T+ +\$’++-+++.1‘-+
FIF7 + +\+ + B/ t4t D tah + + A4 T\ +
P R e s +++
LHFF + &+ &+ I! +-
+l+ + + + + 4 ﬁ-i—
FIFF + N+ + P+ H+ 4+ N+ +
sl 4+ o+ + 3+ o+ + T+ o+
FEFF F N T £ + S+
Foalt 4+ 4+l YT ¥+ +
F =+ + + 7 q & + +
T + + + +
+ 4+ + ¥ + + + +
+ 4 + 4+ + + N\t b b + +

F+ 4+ 4+ + ] L+ + + + R,
NG + + oAb NG
TR TN Uk 2% A N S S S S A S ol =
R A A T S S S S T e S S A
+4-+.L4-4-+++4-+-1-++-K/:»':#N-l‘\f

Fig. 4. Grid used for numerical computations.
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Human analysis of data is still preferable to any objective scheme
that has been devised, but - the number of analyses required rendered hand
analysis infeasible for this sfudy. There were several considerations in
the choice of an objective analysis and smoothing procedure from the
several that are described in the literature. Such a procedure should in-
terpolate data accurately from stations to the grid without creating fic-
titious waves or destroying real waves present in the data. Also, the
desired results of the procedure should be considered carefully with re-
spect to the input data density. Since the average spacing of rawinsonde
stations over the eastern United States is about 350 km, features with
wavelengths shorter than 1400 km can seldom be described completely by
any objective analysis using this input data.

An objective analysis scheme by Barnes (1964) was used in this in-
vestigation. The procedure is referred to as successive corrections to a
first-guess field. Data from each rawinsonde station were allowed to
influence grid points within a scan radius of three grid distances while
four iterations were allowed.

To suppress small waves which cannot be tracked consistently, as well
as those which might arise due to the analysis scheme and random errors, a
nine-point filter of the type used by Shuman (1957) was applied to the
analyzed fields. The final result retained approximately 90% of the
amplitudes of wavelengths of 1400 km, and appeared to contain as much de-
tail as could be justified from the input data based on the agreement with
hand analyses.

The surface data were analyzed using a scan radius of 2 grid dis-
tances with four iterations. This produced smooth fields from the high
density surface data that meshed with the larger-scale rawinsonde data.

Gridded analyses of height, temperature, wind components, and
moisture content were produced at 18 levels, i.e., the surface and at
50-mb intervals from 900 mb to 100 mb, for each of the nine time periods.
Winds at the individual 18 levels were averaged over 50 mb layers which
reduced random errors. These gridded values were stored on a computer
disk and formed the working data set for all phases of the research.

2) Numerical evaluation of equations

In calculations not encompassing the trajectories, centered
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finite differences were used to compute all horizontal and vertical
derivatives except those at the surface and 100 mb where forward and
backward differences were used for vertical derivatives. Time
derivatives also were evaluated using centered differences where pos-
sible, but forward differences at the first period and backward 4if-
ferences at the last period were required. All computerized numerical
calculations were performed on the Amdahl 470V/6 computer at Texas A&M
University.

3) Computation of vertical velocities

Large-scale vertical motion cannot be measured directly, and no
method currently available for determining vertical motion is completely
accurate. The kinematic method was used in this research because it
involved the least stringent assumptions and produced good results.
Details of the procedures used are given by Wilson and Scoggins (1976)
and Wilson (1976). Terrain-induced vertical motion was included, and
a correction scheme by O'Brien (1970) was applied so the wvalues of
vertical motion at 100 mb would equal the values obtained by the
adiabatic method. The adjustment factor significantly affects vertical
motion in levels above about 500 mb. Application of an adjustment
factor is necessary because the accuracy of wind data and resulting
divergence calculations decrease with altitude. Adiabatic values at
100 mb were chosen because they are obtained independently of kinematic
values and are more realistic than an assumption of zero at each grid
point.

The kinematic method has been used widely in previous research.
Vincent et al. (1976) suggested that it is better than the gquasi-
geostrophic form of the omega equation. Further support for the
kinematic method has been given by such investigators as Chien and
Smith (1973), Smith (1971), Fankhauser (1969), and Kung (1973). More-
over, Wilson {1976) indicated that values of kinematic vertical
velocity related better to areal coverage and intensity of precipitation
during the AVE IV experiment than did values of adiabatic vertical
velocity. These results were based upon statistical comparisons between
kinematic and adiabatic vertical velocities at various pressure levels

and precipitation intensity categories determined from MDR data,
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c. Trajectory Calculations

The main factors which hinder an exact evaluation of meteorological
trajectories are the relative sparsity of observations in time and
space, the inaccuracy of observations, and the fact that large-scale
vertical velocities are impossible to observe and difficult to calculate
(Djuric, 196l1). The use of AVE IV data partially overcomes these
difficulties so that the calculation of trajectories becomes both
feasible énd useful.

The input data for trajectories consisted of objectively gridded
u, v, and W components, potential temperature (8), and geopotential
height (¢) available at various pressure levels and at successive
time periods. The gridded data set for AVE IV, which meets these
criteria, has been described previously.

All trajectories in AVE IV were computed backward in time to insure
that air parcels would terminate their paths exactly at a given grid
point on a given pressure surface. The mathematical procedure used
to calculate trajectories backward in time from wind fields defined in
Eulerian space briefly is described below (Collins, 1970; Thomas, 1971).

Considering one grid point, in one dimension, "x", a first

approximation to the displacement for one time step is given by

hx, = uit (10)
where Ax is the displacement, u is the wind component, At is the time
step (3 or 6 h), i is the initial point, t is the initial time, and "1"
is the iteration number. Figure 5 shows schematically the "first guess"
displacement calculation for a hypothetical parcel trajectory when all
three dimensions are included.

After initial displacement, "n" interations are performed using

the expression

N t t-At
Axn = [(ui + o Y/21At (11)

-At
-1

polated at the point xn-l given by xn_l = xi - Axn_l. From the surface

t . . . . .
where un is the wind component from the previous time step inter-
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Fig. 5. Schematic diagram of the "first guess" three-
dimensional (x,y,p system) parcel motion in
the trajectory model between times "t" and
"e-At".

to 100 mb, the three-dimensional wind is interpolated between levels and
grid points using tri~linear interpolation for each component displace-
ment. When Axn - Axn_l<g, Axn is accepted as the true backward displace-
ment in the "xX" direction. The 3-dimensional trajectory is determined by
combining Axn, Ayn, and Apn. Subsequently, air parcels can be traced
backward in time and the total time derivative of a basic variable (say x)
may be approximated by Ax/At. & had values of 0.5 km for the "x" and "y"
directions, and 0.2 mb for the "p" direction.

Calculations were made along trajectories for the total derivatives

dv dp

of the u and v wind components (EE and =), pressure (377), potential tem-
dt dt al dat

perature (g%) and horizontal kinetie energy { diE)} for the last eight

consecutive times of AVE IV (backward displacement in time makes calcula-
tions impossible for the first time period). At each time period; gridded
trajectory data were computed for 100-mb intervals between 900 and 100 mb
and also at the 850-mb surface. In addition, individual air parcels were
traced backward in time throughout the entire experiment by locating
éuccessive‘positions (x, v, p) of the parcels over the network. Computer-
plotted trajectories displayed actual parcel paths during the experiment

for those parcels starting at certain pressure levels and grid points of
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the last observation period (25 April at 1200 GMT). All quantitative re-
sults from the trajectory calculations were stored on a computer disk to
be used later, along with the basic gridded data in the statistical,
synoptic, and dynamic analyses. This included calculation of average
values of gridded trajectory data as a function of pressure level and
various intensity categories of MDR data using data from all AVE IV time
periods. The spatial variation of the quantities in relationship to the
convective activity was also studied and the temporal variation examined
during the formation, maintenance, and dissipation of areas of convective

activity.
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4. RESULTS

a. Synoptic structure and radar echo analysis (from MDR data) of
AVE IV

Results in this section establish the temporal and spatial rela-
tionships between features in the synoptic structure and identified
systems of precipitation and convective activity for all consecutive
times of AVE IV excluding the first release time (24 April at 0000
GMT). Discussions will refer to these eight consecutive periods
separately in Figs. 6(a-e) through 13(a-e) where analyzed spatial fields
of radar, surface, and upper-level data are shown.

1) Radar (MDR) analysis of precipitation

Figures 6a-13a are composite MDR charts of precipitation inten-
sity where each coded value represents the highest radar return in-
tensity reported in an MDR block during a 3-h period surrounding the
rawinsonde release times. All areas of reported precipitation in each
chart have been outlined and "systems" of precipitation are identified
from the spatial and temporal distribution of these areas as indicated
by the letters A-E. All shower and thunderstorm activity (MDR>2) has been
scalloped in each chart to identify better the location and movement
of each storm system (all identified systems contained showeis or
thunderstorms) .

Systems A, B, and C are shown in Fig. 6a. System A represents the
first of two areas of severe thunderstorms (MDR>8) that occurred in AVE IV.
This system moved consistently eastward through the network starting
in the central Plains States at 0600 GMT 24 April. While moving east-
ward the system slowly dissipated by 0000 GMT 25 April so that
(Fig. lla) only light thunderstorms and rainshowers (maximum MDR=2)
were located over the southern and middle Appalachians. By 1200 GMT
25 April, A was located off the North Carolina Coast (Fig. 13a).

System B was an area of light-to-moderate shower and thunder-
shower activity (MDR<4) closely associated with and usually connected
to System A. Separation of the two systems was done on the basis of

precipitation intensity. This system also moved consistently eastward
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a. Composite MDR precipitation analysis
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b. Surface pressure and frontal analysis

Fig. 6. BAnalyzed fields of (a) MDR precipitation systems, (b) surface

pressure (fronts superimposed), (c) geopotential height, temper-
ature, and wind at 850 and 500 mb, (d) vertical velocity at 850

and 500 mb, and (e) mixing ratio at 850 and 500 mb at 0600 GMT,
24 April 1975.
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850 mb

500 mb

Vertical velocity (pbars s'l)(upward areas are shaded).

d.

(Continued)

6.

Fig.
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e.
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500 mb
Mixing ratio (g kg'l)(areas of convection are scalloped).

Values greater than 1Q and 2 g kg™ are shaded at 850 and
500 mb, respectively.

Fig. 6. (Continued)
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Composite MDR precipitation analysis

a,

16

16

b.

Surface pressure and frontal analysis

Same as Fig. 6 except for 1200 GMT,24 April 1975.

7.

Fig.
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500 mb

c. Geopotential height (m) (solid lines), temperature (OC)(dashed lines),

and vector wind (—=25 m s'l).

Fig. 7. (Continued)



500 mb
d. Vertical velocity (ubars s‘l)(upward areas are shaded).

Fig., 7. (Continued)
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e. Mixing ratio (g kg~l) (areas of convection are scalloped).
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Fig. 7. (Continued)
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Composite MDR precipitation analysis

a.

Surface pressure and frontal analysis

b.

Same as Fig. 6 except for 1500 GMT,24 April 1975.

8.

Fig.
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500 mb
c. Geopotential height (m) (solid lines), temperature (OC)(dashed lines),
and vector wind (=—>=25m s'l).

Fig. 8. {Continued)



Fig.

8.

500 mb
d. Vertical velocity (pbars s'l)(upward areas are shaded).

(Continued)
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e. Mixing ratio (g kg‘l)(areas of convection are scalloped).
Values greater than 10 and 2 g kg™l are shaded at 850 and
500 mb, respectively.

Fig. 8. (Continued)
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Composite MDR precipitation analysis

ad.

Surface pressure and frontal analysis

b.

Same as Fig. 6 except for 1800 GMT, 24 April 1975.

Fig. 9.
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500 mb
o .
c. Geopotential height (m) (solid lines), temperature ( C) (dashed lines),
and vector wind (=~=25m s'l).

Fig. 9. (Continued)



d.

500 mb
Vertical velocity (ubars s'l)(upward areas are shaded).

Fig. 9. (Continued)
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e. Mixing ratio (g kg_l)(areas of convection are scalloped).
Values greater than 10 and 2 g kg'l are shaded at 850 and
and 500 mb, respectively.

Fig. 9. (Continued)
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Composite MDR precipitation analysis

ae

S

Surface pressure and frontal analysis

b

Same as Fig. 6 except for 2100 GMT, 24 April 1975.

10.

Fig.
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Geopotential height (m) (soilid lines), temperature (OC) (dashed lines),

C.
and vector wind (—=25m s_l) .

Fig. 10. (continued)



d. Vertical velocity (ubars s'l)(upward areas are shaded).

Fig. 10. (Continued)
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500 mb
e. Mixing ratio (g kg"l)(areas of convection are scalloped).
Values greater than 10 and 2 g kg‘1 are shaded at 850 and
500 mb, respectively.

Fig, 10. (Continued)
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Surface pressure and frontal analysis

b.

Same as Fig. 6 except for 0000 GMT, 25 April 1975,

Fig. 11.



48

iy T YT T T T LA
' 2
TN g 7 ~ - s .
\r"\ } i {c \ -*‘\
s
AR % N T ‘ ~ 4
Lr ¢ N\ 7 e
S ~ 'aOo S - e P 4 AR
N ~adl 00 ); ——
Eh-\*__ o - 2 —N -2 - ~ z ”f ~
N = 800~ = A -
S m——a_) - \- -~ -

¥ ¥ L] T ¥ T T T T
7 IR .
\ “f A A —y — ,/0
N\ §
MO\ e S » {ar .
F \-'9 [~3 - -
A~ e L - J
B - " TALS ’
A . S/ 2% o 70
& \
\'-Q) = —¥ oy
he NN (! r' 7657
3 ~ — gt P i AP —7
- ~°"
s T Y v
—————— ~-~--108.0 ~
- —~ > v 200
Eaap 2o ‘ =~ ]
' — —12)p~, ==
5 . -
> 12 =< =X>Th T S~
| 1 SR A
B J—+——r \ 4 —> ~ > ™ ]
- 1~ T /' el ﬁ",ﬁ' N ~ \__:‘;
r - i - g
~ A
o . R /0"‘7-(: Ve g\\\ ~ gx’ ~ *:,‘
~. < 3 \\\ .»0 9
- /3(:»,;. W SN A - N -} —
——T\\l - } 1 3 . 1 % 3 L1 1
500 mb

c. Geopotential height (m) (solid lines), temperature (OC)(dashed lines),
and vector wind (~=25 m s~1).

Fig. 11. (Continued)



d.

500 mb
Vertical velocity (ubars s_l)(upward areas are shaded).

Fig. 11, (Continued)
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Fig. 12,

b. Surface pressure and frontal analysis

Same as Fig. 6 except for 0600 GMT, 25 April

1975,
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Fig. 12. (Continued)
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through the network from its initial location in the upper Ohio
Valley (Fig. 6a) to a final position off the New England coast (Fig.
12a) while maintaining moderate intensity.

System C was also of light-to-moderate intensity and was located
initially along the U. S. Atlantic coast from North Carolina to Maine
(Fig. 6a). Movement of the system was eastward and by 1800 GMT
24 April (Fig. 9a) the precipitation was outside the network.

System D was first detected as an area of light-to-moderate
shower activity extending from western Kansas into central South Dakota
at 1200 GMT April 24 (Fig. 7a). Movement of the system was slowly
eastward and the intensity of precipitation was increasing. By
0000 GMT April 25 (Fig. 1lla) a few MDR values of 6 were detected over
eastern South Dakota and Minnesota. Afterwards, D continued to move
slowly eastward into Illinois while decreasing in areal coverage and
intensity (Figs. lla-13a).

System E was the second of two areas of severe thunderstorms to
develop and move through the AVE IV network. It was initially
detected in eastern Kansas at 1800 GMT 24 April (Fig. 9a) as a small
area of moderate to strong thunderstorms., By 0000 GMT 25 April
(Fig. 1lla) this system had developed into a long line of severe thunder-
storms from west Texas to central Illinois that moved rapidly eastward
into the southeastern states (Figs. lla-13a) by 1200 GMT 25 April.

Over 30 reports of severe weather at the surface were logged during
the life cycle of the storm system including the Neosho, Missouri
tornado that caused 3 deaths, 22 injuries, and $10.5 million in
property damage.

In the following sections of the report, the precipitation system
codes established above (i.e. A-E) will be used when referring to the
relationships between atmospheric structure and formation, maintenance,
and dissipation of convective activity.

2) Surface analysis

At the beginning of the experiment (Fig. 6b), three air mass types
were distinguishable at the surface over the AVE IV network. A moist

and warm maritime tropical air mass was moving northward over the
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network with strong southerly flow around a high pressure center
(1030-mb central pressure) located about 500 km off the coast of the
Carolinas. Maritime tropical air covered almost two thirds of the net-—
work extending from central Texas and Oklahoma eastward through all

of the Gulf Coast and Middle Atlantic States and northeastward into

the Ohio Valley.

A cold front, extending southwestward into Kansas from a moderately
strong cyclone (1000-mb center) over northern Michigan, separated the
maritime tropical air from the cooler and drier continental polar air
moving southward over the northern Plains State, while a warm front,
extending southeastward from the cyclone into Pennsylvania, separated
continental polar air over New England from maritime tropical air over
the OChio Valley. A second cyclone (1000-mb center) was located over
the Kansas-Oklahoma border with a cold front or dry line extending
southward into west Texas separating the very dxy continental tropical
air from the maritime tropical air over east Texas. A third and weaker
cyclone was just entering the network in western Nebraska and South
Dakota.

Temperatures over the AVE IV network ranged from 25°C along the
Gulf Coast to 5°C in the northern Plains States, and dew point tempera-
tures ranged from 20°C to -10°C between the tropical and polar air
masses.

The cyclone in northern Michigan moved slowly eastward during the
experiment and was located off the Maine coast at the last time period
(Figs. 6b-13b). The associated warm front also moved off the coast
while the trxailing cold front moved slowly southeastward and passed
through most of the New England and Mid-Atlantic States.

The second low pressure center over the Kansas—-Oklahoma border also
moved slowly eastward through the middle Mississippi Valley into
Kentucky. This puched the associated cold front slowly southeastward
through most of Oklahoma and Missouri while the southern end of the
front remained anchored in western Texas in close assocliation with the
"dry line".

The low pressure center, initially over the northern plains, was

very weak and poorly defined at the surface. Only at 1500 and 1800 GMT
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24 April (Fig. 85 and 9b) did a closed low pressure center exist,
although a weak pressure trough could be seen mbving slowly eastward
into Wisconsin and Illinois during the last two time periods.

Two high pressure centers, one located east of the Carolinas and
the other north of Minnesota (Fig. 6b), moved eastward about 400 km
during the 36 hours of the experiment in response to the'easbﬂard
movement of the surface cyclones.

Clear relationships exist between the location and move-
ment of surface features and areas of precipitation (see Figs. 6a and b
through 13a and b). System A developed ahead of the cold front in the
central Plains States and moved as a pre-frontal squall line until.it
dissipated into light showers east of the North Carolina coast. System B
developed along the northern edge of the same front and moved east-
ward ahead and along the frontal surface as it passed through the
North Atlantic States. System C was located along and north of the
warm front in New England in Fig. 6b and moved off the coast as its
associated cyclone traveled eastward into Canada (Fig. 8b). The
light precipitation in System D was clearly associated with the surface
low and pressure trough in the Northern Plains, while E formed along
the cold front and dry line in Oklahoma, Kansas, and Texas (Fig. 10b)
and moved eastward as another pre-frontal squall line.

3) Upper-air analysis of geopotential height, temperature, wind,
moisture, and vertical velocity

Figures 6¢ through 1l3c are analyzed fields of geopotential height
(m) (solid lines), temperature (°C) (dashed lines), and vector wind
for the 850- and 500-mb levels. The length of each wind vector is
proportional to the wind speed (m s—l) where the length of one grid
interval (distance between two adjacent tick marks that surround each
figure) is 25 m s_l. Figures 6d through 13d are fields of vertical
velocity (ubars s—l where shaded is upward motion) at the 850- and
500-mb levels. Figures 6e through l3e are the mixing ratio analyses
(g kg-l where values greater than 10 g kg_1 and 2 g kg_l are shaded
at 850 mb and 500 mb, respectively) for the same levels and time
periods previously described. 2All fields are from the basic gridded

data set.
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Examination of the vector wind and height fields show the flow
pattern to be nearly zonal over the experiment area with several
weak-to-moderate strength short-wave perturbations (half wave-
lengths < 1000 km) moving rapidly eastward across the central and north
sections of the network. These troughs (shown as wide dashed lines
at 850 mb in Figs. 6c¢-13c) usually extended in the southward direc-
tion from three slowly moving low pressure centers shown in the height
analyses. The léws aloft were the upper-air reflections of the three
surface cyclones discussed earlier as revealed by the spatial and
temporal continuity of the systems. However, the stable short-wave
troughs that moved rapidly eastward along a moderately strong baro-
clinic zone (containing the polar jet) running southwest~northeast
through the center of the network, were directly responsible for the
development and movement of each precipitation system previously
described (500-mb relative vorticity centers, marked with X's in
Figs. 6¢-13c, more clearly define these short waves). In addition,
the vertical velocity and mixing ratio fields also contain features
closely associated with trough positions and movements.

Superimposed on the mixing ratio analyses are scalloped zones
outlining all convective precipitation areas determined in the MDR
analysis. Spatial and temporal comparisons between these coded
precipitation areas (A-E) and atmospheric structural features contained
in Figs. 6¢, d, and e through 13c, d, and e reveal some of the rela-
tionships between the synoptic structure and convective activity.
These relationships (discussed below) are clearly established at
any given time period in AVE IV and good time continuity between suc-
cessive 3-and 6-h periods éives credibility to those results.

"From Fig. 6, it is evident that systems A, B, and C are all
located east or southeast of short-wave troughs at 850 mb that generally
slope west or northwest to troughs or vorticity centers at 500 mb
(Fig. 6c¢). East and southeast of the troughs, strong upward vertical
velocity occurred at both 850 and 500 mb (Fig. 6d) and tongues of
higher moisture content also existed at both levels. West of each

trough, precipitation failed to develop, air was subsiding, and zones
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of lesser moisture content were evident. Systems D and E were also
associated with the eastward movement of troughs aloft as seen in
Figs. 7c¢ and 9¢c. The temporal continuity of each trough (ané its
associated wvertical velocity and moisture distribution) is excellent
in relationship to the development and movement of all precipitation
systems. This is particularly clear in Figs. 11, 12, and 13 where

a strong and developing trough moves eastward through the center of
the network producing System E. However, surface reflections of the
troughs are seldom seen as developing cyclones during AVE IV so that
the relationships between surface frontal systems and storm develop-
ment are not exceedingly strong. Instead, these short-wave systems
move rapidly eastward along a rather broad baroclinic zone, advecting
(horizontally and vertically) moisture ahead of the systems while
strong upward vertical velocity releases potential instability to
produce thunderstorms. Large horizontal temperature advection is
impossible within these waves since system speeds are large

and wavelengths are small. This suppresses amplification of the waves
into long-wave troughs while stable system movement is dictated by

the rapid adiabatic cooling and warming within the large vexrtical
velocity centers associated with the waves. These vertical velocities
are capable of quickly releasing instability already present in the paﬁh

of wave propagation and suppressing it after wave passage (Holton, 1972).

b. Individual plotted trajectories

Analysis of the results from trajectory calculations is somewhat
difficult to present since air parcels move three-dimensionally
in space. One method for presenting a trajectory is to plot a
horizontal map showing the previous positions (x and y) of a given air
parcel along with its vertical position (z or p). All trajectories were
gomputed and plotted backward in time from grid points located at
various (x, y, p) positions.

Figures l4a-l4e are five examples of this plotting technique for
air parcel trajectories passing over the AVE network in proximity to

System E and terminating their paths at 1200 GMT 25 April at 850,
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a. Parcel terminating at 850 mb.
(tick marks at successive 12 -h positions
along the trajectories).

Fig. 14 Trajectories of air parcels passing through the AVE IV network.
All parcels terminate their paths at grid points on the pressure
levels indicated at 1200 GMT, 25 April. The vertical location
(pressure in millibars) is shown beside tick marks placed on
each trajectory at successive 3-h positions except where noted.
Rising and sinking air is denoted by solid and dashed lines,
respectively. Thin solid lines between tick marks of some
trajectories connect points along trajectories having the same
date and time as indicated. The MDR composite data for 0600
GMT, 25 April are superimposed in each chart.
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Parcels terminating at 700 mb.
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Fig. 14. (Continued)
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d.

Parcels texrminating at 300 mb.

Parcels terminating at 200 mb.

.

(Continued)

14.

Fig.
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700, 500, 300, and 200 mb, respectively. The vertical location of each
parcel is listed beside "“tick" marks denoting the parcel's pressure at
successive time periods of the experiment, while solid and dashed lines
show rising and sinking air, respectively. Thin solid lines connect tick
marks of some trajectories having common dates and times for air parcels
that remain within #3150 mb of their final pressure positions. By observ-
ing the changing area of rectangles outlined by these thin solid lines and-
trajectory paths a qualitative estimate of the gquasi-horizontal velocity
divergence can be made. Parcels that move vertically in excess of *150
mb are denoted by placing "stars" along the trajectories at successive
time periods. Trajectories are plotted for all time periods in which
each parcel remained inside the grid network. The MDR composite chart
for 0600 GMT April 25 is superimposed on each chart.

Figures l4a and 14b show the quasi-horizontal converging of air at
850 and 700 mb within the immediate thunderstorm environment of System E.
Parcels moving ahead and within the storm area originated in the southern
and western sections of the network and rose in excess of 25 and 100 mb
before ending their paths at 850 and 700 mb, respectively. Behind and
north of the thunderstorms, air parcels were sinking and moving toward
the storms from westerly directions.

For parcels ending their paths at 500 mb (Fig. 1l4c) very little
convergence or divergence is evident. Sinking air, in excess of 75 mb,
occurs both north and south of the thunderstorms as air parcels move
zonally across the experiment area. The air parcel passing through the
immediate storm environment rises from 632 to 500 mb between 1800 GMT
24 April and 1200 GMT 25 April while moving from Oklahoma to Virginia.

In the upper troposphere (Figs. 14d and l4e) air parcels terminéting
at 300 and 200 mb show strong quasi-horizontal divergence around and over
the storm environment while remaining within *30 mb of their final pres-—
sure positions. The only exception occurs in Fig. 14d where the air parcel
moving over the qenter of the storm area rises from 728 to 300 mb in re-
sponse to extreme divergence aloft. This vertical displacement occurs
between 1200 GMT 24 April and 1200 GMT 25 April while moving from south-

west Texas to Kentucky (an upward displacement of 372 mb in 24 h).
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A four~dimensional assimilation of air flow in the storm environment
shows lower tropospheric air to be convergent while supplying moisture and
heat from southern and southwestern source regions into the leading edge
of the storm system. This air undergoes upward displacements of between
-50 and -150 mb in 12 h while moving into the pre-storm environment. Air
in the post-storm environment is subsiding at about the same rate.

The mid-troposhere is primarily nondivergent with trajectories
usually bringing air from dryer western and southwestern areas into the
storm environment (see Figs. 6-13 for moisture distributions). Upward
displacement of mid-tropospheric air (at the rate of about -50 mb/3h)
occurs within the radar-observed storm area while subsidence at the rate
of about 30 mb/3h exists northwest and southeast of the convective storm
system.

The upper-troposphere is highly divergent over and surround-
ing the convective storm system with relatively small net vertical dis-
placements (+30 mb in 12 h) occurring in most areas. However, very strong
upward vertical velocity, created by low-level convergence and upper-
level divergence, causes air parcels within the radar-observed storm area
to rise large vertical distances in short time periods (as much as -300 mb
in 12 h). This results in tremendous vertical stretching and lifting of
layers of air originating in the warm and moist regions of the lower
troposphere as they move into the area of the storm system. Because of
veering winds ahead of the convective storm system, mid-level dry air
overrides moist low-level air to produce large convective instability,
while continued lifting and stretching of this air finally releases the
" available potential instability. Continuous air motion into the storm
environment supplies the atmosphere with new potential instability and
maintains the "fuel" for the convective system for periods in excess of
12 h, even though individual clouds in the system usually require less
than 1 h to realize existing instability in their updrafts.

The above description does not, however, consider the effects of
the convective system transferring heat, momentum, and water vapor into
the synoptic flow and possibly modifying these relationships. These so

called "feedback" effects are discussed in subsections d-f.
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c. Parcel enerqgy indices, net vertical displacements (NVD's), and
convective storm delineation '

To parameterize accurately the static stability of the atmosphere
in AVE 1V, a method was devised to calculate objectively both the
amount of buoyant energy (ergs g-l) necessary to be added to a parcel to
make it hydrostatically unstable (negative buoyant energy or NBE), and
the amount available to be converted into kinetic energy of the upward
vertical velocity (positive buoyant energy or PBE) or "updraft" if the
parcel were to become unstable. For each time period, the basic gridded
temperature and moisture fields were used to establish an environ-
mental virtual temperature (Tv) sounding (from 900 mb to 100 mb)
"above" each grid point with data available at 50-mb intervals. Each
sounding was then scanned from 900 to 700 mb to determine the value and
pressure level of the maximum Se. A(KEW) was then determined for all
50-mb layers for each sounding using (5) and technigues previously
discussed. NBE was calculated by summing all negative buoyant energy
up to 500 mb over each grid point while PBE resulted from summing all
positive energy up to 100 mb. As stated earlier, smaller NBE should
correlate with the increasing occurrence of thunderstorms while
larger PBE should relate to the increasing intensity of convective
activity.

Figures 15a through 22a present the NBE and PBE spatial fields
(units of lO4 ergs g_l) for the last eight consecutive time periods of
AVE IV. A spatial comparison between the NBE fields and areas of
convective precipitation (MDR>2) for all time periods has shown that

convection usually occurred in areas where NBE values were <200 x 104

1 while moderate and severe convection was associated with

values <100 x lO4 ergs g-l. For individual comparisons, Figs. 15c

ergs g

through 22c contain scalloped areas enclosing observed convective
activity, while Figs. 6a through 13a present actual fields of MDR
values.

While the general locations of storms are accurately delineated
with the NBE index fields, PBE fields relate well to the intensity

with most MDRK 6 occurring in areas of PBE values <500 x 104 ergs g—l.
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Fig.

1s5.

d.

Analyses

PBE
Parcel energy indices (10% ergs g—IL

of a) parcel energy indices, b) net vertical dis-

rlacements, and ¢) diagnostically determined intensity cate-
gories of convection for 0600 GMT, 24 April 1975. In (c), radar

observed
labelled
to those
isolines

values of MDR 2 2 are shown by scalloped areas. Lines
In thunderstorm intensity categories actually apply
areas in (c¢) lying on the more intense side of the
separating categories of thunderstorm intensity.
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Same as Fig. 15 except for 1200 GMT, 24 April 1975.
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Fig. 19.
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Fig. 21. (Continued)
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Fig.

22,

500 mb
b. Net vertical displacements (mb/3h).
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In contrast, heavy and severe thunderstorms (MDR>6) are located in
higher PBE areas with the two lines of severe thunderstorms (systems
A and E) moving and developing into regions of PBE values exceeding
500 x 104 ergs g_l. Areas in excess of this value occurred only in
the southern and central portions of the network coincident with the
strong influx of moisture and heat below 700 mb seen in the synoptic
structure and trajectory plot analyses. This influx contributed, in
part, to decreasing NBE and increasing PBE values before and during
storm development. However, surface and boundary layer heating as
well as dynamic lifting associated with short-wave trough movement
aloft, alsoc changed the energy index values in the same manner. In
general, NBE values are clearly smaller and PBE values higher during
the daylight hours (Figs. 17a through 20a) coincident with strong
radiational warming in the lower troposphere during the Spring season.
However, a dynamic lifting mechanism and weak static stability
(low NBE values) are both usually needed for convective storm develop-
ment. As discussed earlier, the gridded trajectory fields of dp/dt
or net vertical displacement (NVD in mb/3h) have been successfully
used to indicate those areas undergoing the time—-dependent lifting
and destabilizing processes needed for thunderstorm formation and
maintenance. The increased temporal resolution of the AVE IV data
was clearly able to identify an NVD distribution that related extremely
well to the location and intensity of convective activity as described
below. .
Figures 15b through 22b are the NVD fields (mb/3h at 850 and
500 mb) for the last eight consecutive time periods of the experiment.
Upward (negative) displacements are shaded in each chart. Major areas
of negative and positive NVD's are closely associated with the east-
ward movement of the short-wave troughs located earlier where air
parcels ascend ahead and descend behind each system while moving
quasi—horizontally through the vertical motion fields created by the
short-wave perturbations. 1In all cases, convection is located within
.a negative NVD area either at 850 or 500 mb or at both levels while

no precipitation is present in the subsiding (positive) areas behind
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the troughs. Qualitative comparison generally indicates that the
spatial correlation between NVD's and convection is higher than that
between instantaneous vertical velocities and thunderstorms (sée
Figs. 6d4-13d). Moreover, large negative NVDs can quickly destabi-
lize the atmosphere, creating the smaller NBE and larger PBE values
(depending upon the resulting vertical temperature and moisture
structure) favorable for thunderstorm formation.

Under sufficiently'small NBE conditions, possibly created by
diabatic heating, advection of heat and moisture, and destabilizing
lifting, the intensity of the resulting convection is controlled, in
part, by the PBE available to be converted into the vertical velocity
of the cloud updraft from non-hydrostatic accelerations. These condi-
tions are clearly evident in Fig. 20 where the synoptic conditions
associated with the Neosho tornado in southwestern Missouri included:

1) NBE<100 x 10" ergs g'l- 2) a very large PBE center exceeding 2500

ergs g‘l; and, 3) strong upward NVD centers at both 850 and 500 mb.

To objectively compare the spatial correlation between all NVD
fields and the location and intensity of convective activity, biserial
correlation coefficients were computed. This correlation coefficient
measures the ability of a particular parameter (NVD) to delineate in
space between convective and non-convective areas as a function of
convection intensity determined from MDR data. These coefficients are
shown in Fig. 23 as a function of pressure and MDR intensity along with
the coefficients for the instantaneous vertical velocities computed
by the adiabatic and kinematic techniques (from Wilson,1976), 1In
every case, the NVD's are more highly correlated to precipitation loca-
tion and intensity than are the instantaneous vertical velocities, indi-
cating the high correlation between the time-dependent macroscale 1lifting
process (releasing potential instability) and the location and intensity
of convective activity.

To summarize the relationship between NVD's and the location and
intensity of convective activity, Fig. 24 shows the average vertical
profiles of NVD (mb/3h) as a function of precipitation intensity (from
MDR data) using data from all eight time periods of AVE IV. "No

Precipitation" areas had small positive NVD's at most levels while
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Fig. 23. Biserial correlation coefficients for the kine-
matic and adiabatic vertical velocities
(from Wilson, 1976) and NVD's (bold type)
for various pressures and MDR coded precipita-
tion intensities.

negative values (upward vertical motion) occured in precipitation areas
with the maximum upward values located around 500 mb. The magnitudes of
the average values of NVD's were larger at all pressure levels in areas
containing more intense convective activity so that an average value of
-70 mb/3h was associated with severe thunderstorms in AVE IV.

Since both a dynamic 1lifting mechanism and weak static stability
are usually needed for convective storm development, NVD's (at 9
pressure levels from 900 mb to 100 mb) and the NBE and PBE stability
measurements were combined, using multiple linear regression, in
an attempt to delineate spatially the location and intensity of
convection for all AVE IV time periods. Correlations were computed
with grid point data where the predictand was MDR intensity categories
(MDR< 2, 2<MDR<4, 4<MDR<8, MDR>8) calculated in the manner explained in
Fig. 24. A linear correlation coefficient of 0.6 was obtained for
these increasing intensity categories of convection with the most
important parameters (in order) being NVD (500 mb), NVD (850 mb), NBE,
and PBE (these parameters account for 98% of the total explained

variance). This linear regression delineates (with 80% accuracy)
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Fig. 24. Average profiles of dp/dt or NVD as a function

of pressure and MDR coded precipitation inten-
sity. (Maximum MDR value was assigned to a
grid point within 1/2 grid distance (=80 km)
from MDR 3-h composite charts).

between non-convective (MDR<2) and convective areas (MDR>2), but it
only determines the correct intensity category 50% of the time.

Figures 15c through 22c present spatial fields of the diagnos-
tically determined intensity categories derived from multiple linear
regression techniques (Figures 15a and b through 22a and b are analyses
of the primary variables used in the final regressions). Grid point
MDR intensity categories (predictand) were computed by applying the
linear regression equation to the values of the primary variables
(predictors) found in the multiple linear regression analysis at each
grid point. These results reveal that synoptic-scale variables can
accurately locate areas with and without convection, while delinea-
tion of convective storm intensity is also possible but with some-
what less accuracy. Even so, the strong controlling influence of
synoptic scale systems over the temporal and spatial distribution of
thunderstorm location and intensity is explicitly shown.

In looking specifically at the Neosho storm development and System

E's formation and movement (Figs. 20c-22c), an intensity category for MDR
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values 28 (severe convection) was computed over southwestern Missouri and
western Texas and Oklahoma coincident with severe thunderstorms and re-
ported tornadoes and hail at 0000 GMT 25 April. TIn the 12 hours that
followed, System E moved eastward as an area of severe thunderstorms

while an intensity category for MDR >8 was consistently computed with this

storm system at both 0600 and 1200 GMT 25 April.

d. Parcel diabatic processes

Diabatic effects reflected in the AVE 1V data were examined by
calculating %% (= %%) along air parcel trajectories at all points
in a grid array at various pressure levels and times as discussed
previously. In interpreting the results, non-zero values of %%
result physically from the combination of all diabatic processes in
the mean or synoptic flow (condensation, evaporation, radiation, etc.)
plus the net turbulent eddy flux of heat as shown in (6). Since the
turbulent flux term is possibly large in thunderstorm areas, of par-
ticular interest was the determination of the heating rate experienced
by the macroscale flow as a result of scale interaction between thunder-
storms and their environment.

Figure 25 presents the average profiles (from all AVE IV periods)
of de/dt (°C/3h) as a function of pressure and MDR coded precipitation
intensity. In precipitation areas, diabatic warming occurs between
about 800 mb and 250 mb and cooling occurs above 250 mb and below
800 mb. In addition, more intense precipitation results in larger
diabatic effects, especially above 500 mb, with maximum heating (an
average of 2.0°C/3h at 400 mb) associated with severe thunderstorms.
Only small diabatic cooling was calculated in the "no precipitation”
areas possibly associated with evaporation of liquid cloud water.

These results are similar to those obtained by Fuelberg (1977),
Ninomiya (197la) and others. Diabatic cooling (below 800 mb) is
assumed to result for evaporation of precipitation (mostly convective
in AVE IV) and surface radiative effects, while above 250 mb radiative
cooling from thunderstorm cirrus shields is thought to occur. Large

diabatic heating at mid- and upper~tropospheric levels results mostly
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Fig. 25. Average profiles of d48/dt as a function of pressure
and MDR coded precipitation intensity. (Maximum
MDR value was assigned to a grid point within 1/2
grid distance (=80 km) from MDR 3-h composite charts).

from the turbulent interaction between the macroscale environment
and convection where sensible heat is transferred into the synoptic-
scale flow after condensation develops inside the convective turrets.
Figures 26 and 27 are analyzed fields of %% (OC/3h) at a) 9200mb,
b) 600 mb, and c¢) 300 mb for the first and last two consecutive time
periods of trajectory data. These time periods were chosen to show
the spatial and temporal distribution of diabatic heating associated
with the development and movement of the two areas of severe thunder-
storms (Systems A and E) in AVE IV. Aareas of diabatic heating greater
than 1OC/3h are shaded while areas of convection are scolloped in each

chart.

As inferred in Fig. 25, diabatic effects relative to the thunder-
storm Systems A and E of Figs. 26 and 27 generally show cooling at
900 mb and diabatic warming (usually <2°C/3h) at 600 mb within the

929
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synoptic—scale environment of the storms. At 300 mb, areas of heating,
sometimes in excess of 3°C/3h, are located over and slightly northwest of
the storms. Thunderstoxrm systems covering smaller areas than those of
Systems A and E are generally associated with diabatic patterns of cooling
in the lower troposphere and heating in the middle and upper levels, but
magnitudes of d6/dt are significantly smaller and rarely exceed i;°c/3h.
At 600 and 300 mb, moderate diabatic cooling (>-2°C/3h} is found both
southeast and northwest of Systems A and E. Otherwise, large d6/dt values
were not calculated in other regions of the experiment area (excluding
boundary regions) with the exception of the large diabatic cooling
(<-2°C/3h) found at 900 mb in the Northern Plains (Figs. 26a and 27a),

and the cooling computed at 300 mb over and north of System D in Iowa and
Wisconsin (see Fig. 27c¢). These areas are thought to be related to
radiational processes where nocturnal cooling along the high terrain in
the Plains affects the 900-mb temperatures and radiational cooling asso-
ciated with cirrus clouds (discussed further below) lowers the temperature
in the vicinity of System D around the 300-mb level.

These results clearly indicate that large diabatic processes are
associated with the convective storm systems as heat is possibly ex-~
changed between the many convective cells and the immediate environmental
flow around the storms since g% values in non-convective areas are usually
small. In the net, however, the synoptic flow experiences cooling in the
lower troposphere and Qarming in the mid- and upper-levels, even though
both evaporation and condensation in the mean flow and both positive
and negative net turbulent heat transfers probably occur at some levels.
Moreover, the resulting static stability of the atmosphere is increased
and the thunderstorms have accomplished the important process of
vertical heat transfer needed in the overall maintenance of the general
circulation and global heat balance. Still, the hydrodynamic aspects
of the diabatic heating and cooling of the synoptic scale must be
examined.

The hypothesis that radiative cooling from the top of thu “arstorm
cirrus (or any cirrus cloud deck) causes large diabatic cooling is

supported by Figs. 28a and 28b. These figures show the spatial field



Fig.

28.

| smasg
R

Al

A ' . e
a. d8/dt(°c/3h) at 200 mb at 0600 GMT 25 April.

b. Infrared satellite picture at 0600 GMT 25 April.

spatial field of a) d9/dt (°C/3h) at 200 mb, and b) infrared
satellite picture, both for 0600 GMT, 25 april.

107



108

of d8/dt at 200 mb and the IR satellite picture, respectively, for

0600 GMT 25 April. The two areas of cirrus in Fig. 28b lie essentially

over the large negative zones of d6/dt in Fig. 28a (exceeding

-3°C/ 3n )}, both over the squall line in the Mississippi Valley and the

precipitation area in the northern Plains. Weak diabatic warming sepa-

rates the two areas from Kansas northeastward into southern Wisconsin.
Large radiational cooling could conceivably change the vertical

and horizontal temperature structure in the upper troposphere and

thereby alter flow patterns, including jet stream location and inten-

sity, over and surrounding the storms. Without question, however, these

large cirrus shields alter the net radiative processes associated with

incoming solar radiation and the outgoing long-wave radiation (emanating

from cloud and earth sources), thereby affecting the overall heat

budget of the atmosphere.

e. Parcel accelerations

As discusseg earlier, the total horizontal parcel acceleration vector
d .
E%’ can be calculated glong a trajectory and results

. . dav .
transformed into a gridded output. Y then represents the net horizontal

force acting on the parcel as a result of an imbalance between the

per unit mass,

coriolis force, the pressure gradient force, and the turbulent eddy
frictional force. These net forces are mainly responsible for creating
and altering atmospheric circulation systems.

The rate of change of the vertical component of relative vorticity
(z) following an air parcel results from taking the curl of the hori-
zontal acceleration vector and dotting this quantity with the vertical
unit vector. The term g%-should be proportional to horizontal velocity
divergence in the convective storm environment when computed from
synoptic-scale measurements. Read and Scoggins (1977) have verified this
approximation in their vorticity budget analysis of AVE IV. As a result,
upward vertical velocity can be created frog a pattern of low-level
convergence (cyclonic or positive cErl of g%) and upper-level divergence
(anticyclonic or negative curl of %%) that can release potential
instability and produce thunderstorms.

The three pairs of Figs. 29a-30a, 31la-32a, and 33a-34a show the
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Horizontal acceleration vector fields (10'5 m 5—2)(—+=50 x 107° m s_zl
Convection is scalloped and actual wind streamlines are superimposed.

Fig. 31.

Same as Fig. 29 except for 600 mb.
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b. Horizontal curl of acceleration vector fields in (a)(lO'11 s_2).
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Fig. 31. (Continued)
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Fig. 33. Same as Fig. 29 except for 300 mb.
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horizontal acceleration vector fields_(lo'-5 m 5—2) at 900 mb, 600 mb,

and 300 mb, respectively. Each figure pair presents results for the

first and last two consecutive times of AVE IV used in trajectory calcula-
tions since these periods correspond to the development and movement

of severe storm Systems A and E. Convective activity is scalloped in
each chart and the magnitude of each acceleration vector is proportional
to its length (the length between tick marks on the borders, one

grid distance, corresponds to 50 x 10--5 m s_z).

These acceleration vector fields reveal remarkably well-defined
systems including cyclonic and anticyclonic rotation centers and
zones of acceleration maxima and minima, (>|10—4|m s—2) some of which
show definite relationships to the convective activity. Since
these horizontal accelerations represent net forces per unit mass
acting on the synoptic-scale flow, changes in the flow charac-
teristics (divergence, vorticity, or air speed and direction) are
occurring.

In considering more closely the relationships between the circula-
tion patterns of horizontal accelerations and the two major convective
systems in the center of the network, cyclonic areas or centers of
rotation can be qualitatively seen "over" the thunderstorms at both the
900- and 600-mb levels (see figure pairs 2%a-30a and 3la-32a). At the
300 mb level, Figs. 33a and 34a show anticyclonic rotation over the
storms.

A more objective analysis of these circulation patterns and a
dynamic understanding of their relationships to convective activity
is accomplished by taking the horizontal curl of the vector acceleration
fields. After carrying out this operation, analyses of the results are
shown directly after each of the acceleration fields (in units of 10‘11
s™2) in figure pairs 29b-30b, 31b-32b, and 33b-34b for the 900-,
600-, and 300-mb levels, respectively. All positive areas (« con-

vergence) greater than 50 x 10-ll s_2 are shaded in Figs. 29b-32b and

negative areas (= divergence) less than =100 x lO_11 s--2 are shaded
s

in Pigs. 33b and 34b to clearly show low- and mid~level convergence

and divergence aloft.

el



128

These scalar fields represenf-g%-where, for synoptic-scale flow,
positive (negative) vorticity tendencies are created mostly by conver-
gence (divergence) (see Read and Scoggins (1977) for spatial fields
of the divergence term in (8)). At the 900~ and 600-mb levels, positive
centers (x convergence) are closely associated with the superimposed
MDR observation of convection, while at 300 mb large negative wvalues
(= divergence) were calculated over the intense convective activity.
The reverse pattern is generally observed outside precipitation. How-
ever, the exact contribution of the turbulent frictional force to the
acceleration vector cannot be determined here, although the momentum
exchange between convective systems and the environment is large
(Fuelberg, 1977 and Read and Scoggins, 1977) and, as seen later, alters
the existing synoptic-scale acceleration field around the storms.

The average vertical profiles (from all AVE IV periods) of
% - ($p X %%0} are shown in Fig. 35 as a function of pressure and MDR
category and reveal that more intense thunderstorm activity occurs with
increasingly larger positive values (« convergence) in the lower and
middle troposphere while large divergence (negative values) occurred
above 400 mb. Very small values were computed in "no precipitation"
areas.

When net forces act upon air parcels, work is performed and
energy transformation occurs. Of particular interest in the atmosphere
is the development of kinetic enerqgy within the various size circu-
lation systems.

The rate of change of horizontal kinetic energy following an
alr parcel can be measured from trajectory calculations by simply

T N
measuring 4( 5 ) /dt = A( 5 )/At. From a Langrangian point of view,
horizontal kinet&c energy changes occur when the net horizontal
accelerations (%%-in Figs. 29a-34a), acting upon air parcels, have
components along the velocity vectors. Interpretation of the results
may be obtained from (9) where parcels change their horizontal kinetic
energy during cross—contour flow and from kinetic energy imparted to
or removed froﬁ the synoptic flow through "scale interaction". The
last term in (9) may, in the vicinity of thunderstorms, be important

in determining d(KE)/dt.
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composite charts).

Figure 36 presents the average vertical profiles (from all AVE IV
time periods) of the rate of change of parcel horizontal kinetic energy
(ergs g_ls_l) plotted as a function of pressure and MDR coded precipi-
tation intensity. In precipitation areas, increasing KE is seen from
900 to 400 mb reaching a maximum about 600 mb, while large negative
d(KE) /dt occurs above 400 mb. Small decreasing parcel KE was measured

outside precipitation areas. Also, more intense convective activity
(KE)
dat

with severe thunderstorms) in the mid-troposphere and larger nega-

d -1 - .

—é%gl-values (-70 exgs g 1s 1 at 200 mb with severe thunder=-

storms) in the upper troposphere., Similar results were obtained by

was accompanied by larger values (60 ergs g_]'s_l at 600 mb

tive

Fuelberg and Scoggins (1977) and Fuelberg (1977) where they actually

calculated the terms in (9). They reported that the large positive

[P
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Fig. 36. Average profiles of d(KE)/dt as a function of
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déEE) in the mid-troposphere was primarily created by the 3-? term

since the cross-contour flow was small.

The three pairs of Figs. 29c¢-30c, 31c-32c, and 33c~34c show the

d -1 -
spatial fields of éiE) (ergs g ls 1) at 900 mb, 600 mb, and 300 mb,
respectively. Positivé dEE) areas greater than 20, 25, and 100

ergs g— S are shaded in each of the three figure pairs.

Similar to results shown by Fuelberg (1977), generation of KE in

excess of 75 ergs g— S was calculated at the 600-mb level immediately
over each of the storm Systems A and E in Figs. 3lc and 32c, indicating
the importance of thunderstorm—environment interactions in increasing
parcel KE in this region. However, large positive centers were also

-1 -1
calculated at 900 mb (values >40 ergs g s ) and 300 mb (values
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>300 ergs g‘ls‘b slightly southeast and northwest of these thunder-
storm areas in figure pairs 29¢-30c and 33c¢-34c, respectively. This
vertical orientation of increasing parcel KE centers suggests an axis
of maximum values that slopes northwestward over the thunderstorm

areas from about 400 km ahead at 900 mb to directly over the storms at
600 mb (where Fig, 36 shows maximum KE production), to 400 km behind
the activity at 300 mb. Therefore, decreasing parcel KE was calculated
directly over the area of severe convection in the upper troposphere
above 300 mb and near zero production occurred close to the ground in

the immediate storm area.
This three-dimensional configuration of kinetic energy production

and dissipation is necessary for the maintenance of the large scale
vertical circulation that releases potential instability and helps
maintain the thunderstorms. Consider the acceleration fields in

Figs. 29a-34a where the actual wind streamlines have been superimposed

at each level. Over the thunderstorm svstems A and E, cyclonic
-
circulation (positive curl of dv/dt) of the acceleration vectors can

be seen in the lower troposphere (Figs. 29a-32a), while anticyclonic
circulation (negative curl of dg/dt) of the acceleration vectors
occurs at 300 mb (Figs. 33a and 34a). As explained, this acceleration
pattern produces low-level upward vertical velocities and negative
NVD's (see Figs. 15b, 16b, 21b, and 22b) which maintain the squall
line. Since the actual wind streamlines generally point west to east
over the storm systems at all levels, positive (negative) d(KE)/dt
occurs in the southern (northern) part of the cyclonic acceleration
centers where the acceleration vectors have a component along (against)
the direction of the streamlines or wind vectors. The reverse occurs
in the anticyclonic acceleration centers so that the observed pattern

of dA(KE)/dt in Figs. 29c-34c is explained.

The turbulent frictional force is important in the convective
storm environment in that it contributes to the net horizontal accelera-
tion in (1), especially in the mid troposphere directly over the storms.
Since the positive d(KE)/dt over the thunderstorms in the middle
troposphere (Figs. 31lc and 32c¢) is primarily caused by the term 3-%

in (9), the turbulent frictional force contributes significantly to

the horizontal vector acceleration field to produce larger positive
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curl and larger mid-level convergence. This convergence further
enhances the macroscale vertical circulation by increasing the upward
vertical velocities over the squall line and acts as a "self-propagating"
mechanism for the thunderstorm systems.

The centers of positive A(KE)/dt are frequently regions of
developing wind maxima. As a result, the commonly obserxrved low-, mid-,
and upper~level jet zones associated with severe convective systems
are also partially explained above (see Figs. 6c¢, 7c¢, 1l2c, and 1l3c
for wind jet maxima associated with systems A and E). In addition,
the diabatic heating calculated in the middle~ and upper-troposphere
(Figs. 26 and 27) over the thunderstorms further increases the large-
scale horizontal temperature gradient and enhances parcel KE and jet
stream development (Ninomiya, 1971b). The accelerations, created
indirectly by diabatic heating of the synoptic flow, add to the already
increasing parcel KE to further strengthen the large-scale vertical
velocity field since the cyclonic "circulation" of the acceleration
field (or convergence) is increased and extends as high as 400 mb
(see Fig. 35), producing larger negative NVD values. This process also
acts as a "self-propagating" mechanism for the thunderstorm system
but the macroscale must still supply potential instability into the
path of the storms through the differential advection of moisture and

heat shown in the trajectory plots.

thunderstorms (System E)

This section consists of a specific case study analysis of the
development and movement of severe thunderstorm system E that spawned
the Neosho tornado and was accompanied by over 30 reports of severe

weather at the surface.

Figures 37 and 38 are the SMS infrared satellite pictures at
0000 GMT, 25 April 1975 and 0600 GMT, 25 April 1975, respectively, show-
ing the development and movement of this storm system (from Whitney,
1977). Concurrent severe storm reports at the surface and the synoptic
features of jet streams and surface fronts are superimposed. Severe

storm symbols are identified in the figure inset,
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SMS infrared picture at 0000 GMT, 25 April 1975 showing concur-
rent severe storms and the synoptic features of jet streams

and surface fronts. Severe storm symbols are shown in the in-
set. The axes of the jet streams are shown as the bold dashed
lines with associated wind maxima appearing as heavy X's. The
speed of the subtropical wind maxima is given in knots. Sur-
face fronts are shown as thin candy striped lines. The dotted
lines are the geographical and political grid overlay. The
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Same as Fig. 37 except for 0600 GMT', 25 April 1975.
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By focusing on this specific storm, many of the previously dis-
cussed relationships between convective storms and their synoptic-
scale environment can be clarified. Time cross-section analyses are
presented to show the temporal variation in atmospheric structure
that was associated with severe thunderstorm formation at 0000 GMT,

25 April in Fig. 37. Results from trajectory calculations reveal

the hydrodynamic and thermodynamic processes responsible for the
structural changes that accompanied storm development. The three-
dimensional spatial structure of the atmosphere, at the height of the
storm system's intensity (0600 GMT, 25 April in Fig. 38), was analyzed
using space cross-sections through the storm area. This produced a
detailed view of the instantaneous atmospheric structure in the immediate
storm environment. Results from trajectory calculations revealed the
processes producing changes in this structure as well as the feedback

and scale-interaction processes previously discussed.

Figures 39%9a, 39b, and 39¢ are separate time cross~sections of

NVD (mb/3h), %%—(OC/3h). and g-é%g)—(ergs g_ls—l) including the AVE IV

periods between 1800 GMT (or Z), 24 April and 1200 GMT, 25 April.
Trajectory data at each time period and vertical pressure level in the
charts are average grid point values of the variable inside the
indicated grid boxes surrounding System E in Figs. 9a-13a.

Figure.39a shows that upward NVD's occurred, within the storm
environment, throughout the storm's development period at levels
below 800 mb. The planetary boundary layer was therefore undergoing
dynamic lifting. However, before the system organized into a long line
of severe thunderstorms, subsidence was occurring between 800 and
200 mb, reaching a maximum value of 25 mb/3h at 500 mb at 2100 GMT,

24 April. By suppressing convective cloud development, this feature
may have been essential to the subsequent formation of the line of
severe thunderstorms 3 h later, At 0000 GMT, upward NVD's ex-
tended throughout the entire atmosphere coincident with the storm
organization and severe weather occurrence (the Neosho tornado was

on the ground just after 0000 GMI. This pattern intensified
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in time and by 1200 GMT upward NVD's less than -45 mb/3h were
occurring, on the average, within the synoptic-scale storm environment.

The diabatic effects during the storms life are shown in Fig.
39b. The important features to notice between 1800 GMT and 0000 GMT are
the diabatic warming (>1°C/3h) occurring in a 100-mb thick zone within
the boundary layer and the cooling (<-1°C/3h) taking place immediately
above the warming zone that extended to 200 mb. This pattern is
extremely consistent with the NVD distribution in Fig. 39a in that up-
ward displacements in the boundary layer were causing both stratiform
and cumuliform cloud formation, releasing latent heat. In the mid-
and upper-troposphere, existing clouds were evaporating under subsiding
conditions, creating diabatic cooling.

This distribution of heating below and cooling aloft, from diabatic
processes, added to the destabilizing boundary layer lifting processes
already occurring to create smaller static stability (smallexr NBE
and larger PBE) prior to the thunderstorm system organization., After
0000 GMT strong heating (>1.5*C/3h) occurred in the mid- and upper-
troposphere as the realized latent heat within the organized thunder-
storm system "warmed" the synoptic flow. Strong diabatic cooling
calculated above 300 mb and below 800 mb was associated with radiational
cooling over the storm's cirrus shields (see Figs. 28 and 38) and
precipitation evaporation below cloud bases, respectively.

Parcel kinetic energy changes (ergs g—lgl) during the development
of System E are shown in Fig., 39c¢ where generation has been shaded.
Between 1800 GMT and 0000 GMT parcel KE generation (»50 ergs g_ls—l)
occurred between 850 and 500 mb over the developing storm system, while
above 500 mb very strong parcel KE dissipation (<-125 ergs g—lgl)
occurred. This pattern indicated that the synoptic flow was highly
accelerated during the early stages of the storm system formation with
high momentum air aloft descending into the mid- and lower-troposphere
within the subsiding region in Fig. 3%a. For given air parcels, the
resulting accelerations created flow toward lower pressure (or heights)
(negative $-$¢ and KE production from (9)) in the layer from 850 to

500 mb while flow toward higher pressure resulted in KE dissipation

Lt
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aloft. The vector orientation of the acceleration fields must have
also forced low-level convergence (from flow toward lower pressure
and gE—>O) and upper-level divergence (flow toward higher pressure and

dt

g%—<0) over the developing storm since strong upward vertical velocity
and negative NVD's quickly formed at 0000 GMT in place of strong sub-

sidence at 2100 GMT.

After 0000 GMT KE production increased throughout the entire low-
and mid-troposphere with weak KE dissipation present above 300 mb.
This pattern resembles that found in Fig. 36 with KE production in
the middle troposphere resulting from momentum exchange between the
convective clouds and the environment, and the increased baroclinity
in this region created by the diabatic heating seen in Fig. 39b.
Cross—-contour flow was very small in the middle troposphere as shown
by Fuelberg (1977).

Figures 40a-40f are space cross-sections of various variables,
including trajectory parameters, at 0600 GMT 25 April along the line
XY of Fig. 12a. This line passes NW-SE through the severe weather
areas containing reported tornadoes (see Fig. 38) at the location
marked "severe thunderstorms" along the bottom of each chart.

Figures 40a and 40b are the cross-sections of relative humidity
(values >50% shaded) and NVD (mb/3h with downward motion shaded),
respectively. Of particular interest is the vertical protrusion of
relative humidity values >50% extending out of the lower atmosphere
into the mid- and upper-troposphere in the severe storm area. Other-
wise, relative humidity was <40% at all levels above 700 mb while
values exceeded 60% in the moist planetary boundary layer and reached
90% in the immediate storm area. The NVD cross-section partially
explains this moisture distribution since very large upward NVD's
(<-90 mb/3h) occurred over the storm and some water vapor was "drawn”
aloft out of the planetary boundary layer (Scott and Scoggins, 1977).
Both southeast and northwest of the convective activity, subsidence
was occurring with NVD's >30 mb/3h in the middle troposphere. With-
in these subsiding areas, relative humidities were low and sometimes

fell below 20% both ahead and behind the storm in the middle and
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System E.
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upper-levels (Fig. 38 also shows the absence of high level clouds in
these areas). These dry areas were positioned directly above the

moist boundary layer air so that convective instability was large ahead
and behind the storm system. As the large upward NVD field moved
southeastward, the convective instability was released under dynamic
lifting and stretching so that thunderstorm formation occurred and
upper levels increased their environmental moisture content.

Figure 40c is the cross section of vector wind (in kts including
isotach analysis) and temperature (°C) ,while Fig. 40d shows the diabatic
heating (d68/dt in °C/3h) distribution. A trough in the wind field
was located just northwest of the storm area and sloped northwestward
with height. Both ahead and behind the trough, wind speed maxima
(>70 kts) identify the polar jet stream while the subtropical
jet was located farther southeast and above the polar jet. All severe
weather occurred between the southwesterly polar jet and subtropical
jet as shown by Whitney (1977) (see Fig. 38). In addition, the temper-—
ature cross-section shows a weak baroclinic zone in the low- and
mid-~troposphere between the two polar jets. Of particular interest,
however, is the warm wedge (lightly shaded) positioned southeastward
of the southern polar jet above the 500-mb level, This relatively
warm area is located directly over the thunderstorms and increases
the atmospheric baroclinity northwest of the convection since the
slope of the isotherm pattern with respect to pressure surfaces is
increased. Therefore, the southern portion of the polar jet stream
lies between the wind and thermal troughs and the thermal ridge.

The diabatic heating cross-section (Fig. 40d) suggests strongly
that the warm zone was created mostly by diabatic warming since a
zone of positive d6/dt (>4OC/3h) lies directly over the thermal
ridge. Since environmental relative humidities were <60% above 700
mb (Fig. 40a) within the convective storm area, latent heating
within the mean synoptic~flow was non-existent so that the large

diabatic heating and resulting thermal ridge formation was caused by

turbulent eddy transfer of heat from the convective storms into
the environmental flow at mid- and upper-levels. Radiational cooling

(<-20C/3h) over the cirrus shield (see Figs. 28 and 38) is also
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seen in the cross-section at levels above 200 mb while, below 800 mb,
evaporation of hydrometeors (and possibly some radiational cooling since
it was nighttime) resulted in cooling exceeding -2°C/3h under the

storm system. Boundary layer relative humidities were highest (>90%)
directly under the storm area where evaporation was taking place. Both
southeast and northwest of the thunderstorxms, diabatic cooling was
occurring in the subsiding air in Fig. 40b, possibly caused by cloud
water evaporation after storm passage and weak nocturnal radiational
cooling.

Figure 40e is the cross-section of 4d(KE)/dt (ergsg—ls-l where
generation is shaded) and the horizontal vector acceleration field
(dg/dt plotted as wind vectors where 1 barb = 10 x 10—5 m 5-2).

Figure 40f is the cross-section of the horizontal curl of the
acceleration field in Fig. 40e {negative (positive) values « divergence
(convergence) }. The A(KE)/dt pattern can be interpreted physically
since generation (dissipation) occurred when the superimposed accelera-
tion vector had a component along (against) the corresponding wind
vectors in Fig. 40c. Two centers of large 4(KE)/dt production (>100
ergsg_lgl) are located over the two polar wind jets in Fig. 40c where
air parcels were accelerated (acceleration vectors were pointing in

the same general direction as wind vectors) through the wind maxima.

An axis of positive 4d(KE)/dt, as suggested earlier, was present in

the storm vicinity that sloped from slightly ahead of the storm area at
900 mb to behind at 300 mb, with maximum generation (>150 ergSg—lé-)
present in the storm environment between 600 and 400 mb. Very strong
negative d(KE)/dt (<-250 ergSg—léqU occurred over the severe thunder-
storms above 300 mb where large acceleration vectors pointed west or
southwest and actual wind flow was toward the northeast.

The sloping axis of positive d(KE)/dt over the storm area also
lies along an axis of maximum southwest-northeast winds shown in the
isotach analysis of Fig. 40c and explains, in part, the existence of
Jow-, middle-, and upper-level wind Jjets frequently measured in the
vicinity of severe thunderstorm systems. Moreover, this pattern is

dynamically necessary if the synoptic scale is to maintain a favorable
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dynamic lifting environment (low-level convergence and divergence
aloft) for continued release of potential instability and thunderstorm
formation. This follows from the argument given in the last section
and is further explained as follows.,

Given the strong southwesterly wind flow in the storm environment
resulting from a vector acceleration field that points in the same
general direction (excluding levels above 300 mb) as the vector wind
field (producing positive A(KE)/dt and wind jet formation), the
horizontal rotational field or curxl of the vector winds should resemble
closely that of the acceleration vectors. Since a trough in the wind
field was located west of the storm area, the curl of the wind vectors
is positive (cyclonic with positive relative vorticity) over the
storm area. Therefore, the curl of the acceleration vectors in the storm
vicinity is rositive (cyclonic) below 300 mb as shown in Fig. 40f
(also see Figs. 29a-32a). Since the horizontal curl of d@/dt is g%

(in units of lO_ll 5_2 where positive areas are shaded), positive
(negative) values are nearly equal to (f) times the velocity convergence
(divergence) for synoptic-scale flow. The final result is an axis of
maximum convergence (see Fig. 40f) that slopes from directly over the
storm center at 900 mb to slightly behind at 400 mb. The upper
troposphere is highly divergent under large anticyclonic rotation
(negative dZ/dt ) of the acceleration vectors and negative d(KE)/dt.

This pattern of horizontal wind divergence creates strong upward
vertical velocities and NVD's (see Fig. 40b) over the storm which con-
tinuously releases the available buoyant energy (PBE) to maintain the
convective storm system. After storm passage, the vector accelerations
produce divergence throughout the entire troposphere (see Fig. 40f)
resulting in downward vertical velocities and NVD's that suppress the
release of potential instability.

The above discussion demonstrates the hydrodynamical processes
produced by the synoptic-scale flow, in combination with existing convec-
tive activity that support development and maintenance of severe convec-
tive storm systems., The remaining question concerns the influences of the
severe storms themselves on the synoptic circulations. The momentum and

heat, exchanged between the storms and the environmental flow,
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could conceivably add to or subtract from the dynamic control exerted
by the synoptic flow over thunderstorm formation. However, these scale-
interaction processes appear to augment rather than suppress the
synoptic control in such a manner thdt the severe convective storm
system actually "self-propagates" itself to a limited extent. This
process amounts to an intensification of the kinematic—-dynamic control
exerted by the synoptic flow over thunderstorm development as described
below.

Any accelerations that produce larger positive 4d(KE)/dt and
resulting jet stream intensification along the positive d(KE)/dt axis
that slopes over the storm system (see Fig. 40e) will result in larger
positive curl (convergence) along the convergence axis. As a result,
upward vertical velocities and NVD's are increased in the storm environ-
ment so that release of available instability is assured. If this
process results from scale~interaction between the convective storms
and the environmental flow, accelerations must be produced by sub-grid
scale or turbulent processes that have large components along the
existing vector wind field surrounding the convective storm system.
These forces (per unit mass) result from momentum and heat exchange
between the clouds and the immediate environmental flow around the storms
and augment the synoptic-scale circulations that maintain the storm
system.

Increasing baroclinity of the synoptic structure over the storm
environment has already been shown to be directly related to large
diabatic heating in the mid-troposphere (see Figs. 40c and 40d). This
heating, resulting from net positive heat flux from cloud to en-
vironment, produced a thermal ridge over the storm area and increased
the horizontal temperature gradient northwest of the storms. This
feature accelerated the synoptic flow along the direction of the wind
vectors, increasing the wind speed in the jets and the positive
curl of the acceleration vectors (« convergence) creating a stronger
vertical circulation within the storm environment.

In addition, the large kinetic energy production at the synoptic

scale (>75 ergs g-ls-l) over the storm area in the layer from 600
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to 400 mb, has been shown by Fuelberg (1977) to result from kinetic
energy transfer (or momentum exchange) from sub~grid scale systems
(primarily convective activity) to the synoptic flow, The accelerations
associated with the momentum exchange, together with those produced by
diabatic heating, gxtend the zone of low-level convergence (and
positive curl of %%) up to heights greater than 500 mb as seen in

Figs. 35 and 40f. The magnitudes of upward vertical velocities and
NVD's are therefore increased above those normally produced by the
synoptic=scale system without convective activity. The overall effect
is one in which the severe convective system "self propagates" itself
as scale-interaction processes between the storms and the environment
create accelerations in the synoptic flow that supplement the hydro-
and thermo-dynamic processes responsible for continued convective cloud

formation within the storm system itself.
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5. CONCLUSIONS

Three-dimensional diagnostic trajectories have been used success-
fully to reveal some of the scale interactions that occur between
convective storms and their environment using data from NASA's AVE IV
Experiment. The availability of 3- and 6-h synoptic-—-scale data enabled
temporal resolution of important systems and features that made this
study possible.

Listed below are some of the conclusions drawn from the present
research,

1) The existence of convective systems with good temporal and
spatial continuity (identified using Manually Digitized Radar data) is
related to the development and movement of short-wave (A<1500 km) wind,
height, and thermal perturbations embedded and moving within a zonal
mid-tropospheric pattern. The convective storms are located ahead of
these systems where horizontal advection of temperature and moisture
supplies potential instability, resulting in small NBE and large PBE.
Well-defined centers of upward vertical velocities and NVD's are
associated with the release of available buoyant energy that results
in convective storm formation.

2) The four-dimensional environmental flow pattern, relative to
convective storm systems, shows that large upward air parcel move-
ments (>50 mb/3h) occur only in the immediate vicinity of the convec-
tive clouds. The air undergoing strong lifting originates as poten-—
tially unstable low-level air (below 700 mb) that continuously moves .
toward and slowly rises (>20 mb/3h) into the storm path from southern
and southwestern directions. Rapid destabilization of this air occurs
when large vertical displacement and vertical stretching release the
instability to produce new convective clouds. Low-level trajectory con-
vergence and large upper-level trajectory divergence maintain the
vertical circulation as air parcels pass through and around the storm
environment,

3) Total derivatives of pressure (dp/dt or NVD), potential
temperature (6), and vector wind (dg/dt) from the trajectories can

successfully define the thermo~ and hydrodynamical processes that lead
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to changes in atmospheric structure before, during, and after convec-
tive storm formation. During periods before storm formation, the total
derivatives appear to result primarily from processés occurring in the
mean synoptic flow leading to a favorable environment for storm formation.
This can include upward NVD's within potentially unstable air in the
boundary layexr evolving from a horizontal vector acceleration field
(d%/dt) that produces low-level convergence and upper-level divergence
through dz/dt. In addition, diabatic heating (d8/dt # 0) in the lower
atmosphere and cooling aloft (from both water substance phase changes
and radiation) can lead to destabilization of the atmosphere, producing
small NBE and larger available (positive) buoyant energy (PBE).

4) By combining NVD's with a measure of static stability
(PBE and NBE), using multiple linear regression, convective activity
of various intensities can be spatially determined with a 50% accuracy.
However, convective and non-convective areas can be delineated with
80% accuracy, demonstrating the high degree of scale interaction be-
tween synoptic— and convective-scale systems.

5) The severe thunderstorm environment contains large horizontal
accelerations (>Jlo_3]m s-2) that result in strong low-level convergence
and upper-level divergence and partially explain the low-, mid-, and
upper~tropospheric jets associated with severe thunderstorms (through
4d(Kg)/dt) .

6) Interactions between severe convective systems and the environ-
ment enhance the synoptic-scale vector acceleration field in the mid-
troposphere (through the turbulent frictional force) in such a manner
that the storm "self-propagates" itself by increasing the large-scale
vertical motion field. This process results from a net momentum and
heat exchange between the storm and the environment where large diabatic
heating (>2.0 °C/3h) and momentum exchange within the storm environment
increases the horizontal temperature gradient and accelerates the en-
vironment flow, producing stronger convergence and divergence patterns,

wind jets, and vertical velocities.,
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6. RECOMMENDATIONS FOR FURTHER RESEARCH

Further studies of this type can provide a more definitive under-
standing of the interaction processes that occur between convective storms
.and their environment during different synoptic patterns and seasons. The
AVE-SESAME and HTIPLEX experiment data should be especially useful in ex-
tending these results to include information about the interactions that

occur between thunderstorms and mesoscale environmental circulations.
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